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Abstract 
The Chiang Rai area situated in northern Thailand is becoming to serve as a regional trade hub for China, Myanmar, 
Laos P.D.R and Thailand, as laid out in the quadrangle economic cooperation policy. The ensuing economic growth 
in the region will, despite its positive social impacts, put an increased stress on its natural resources, namely, surface 
and groundwater.  Groundwater which at present time is still abundant in the upper Chaing Rai aquifers system is 
supposed to support most of the water needed to sustain the envisioned future economic growth.  Yet, no thorough 
investigation with regard to the quantity (yield) and the future availability of the groundwater resources in the basin 
exists up-to-date. Here we investigate this issue by means of a 3D groundwater flow model for the upper Chiang Rai 
aquifers, whereby the study focuses on the estimation of the future permissible groundwater yield. Based on first 
observational results of a hydrogeology investigation of the Department of Groundwater Resources (DGR), the 
groundwater flow model is calibrated in steady-state and transient mode using observed piezometric heads for the 
year 2009. The permissible yield of the aquifers system is then computed based on management criteria of the DGR, 
whereby permissible yield is “the maximum total pumping rate that ensures the average piezometric head in each 
layer does not fall below a vertical distance of 20 meters from the land surface in the next 20 years”. Employing these 
constraints for the future head variation into the model, the transient MODFLOW computations result in a total 
permissible yield of 1.3 m3/Rai (1600 m2)/day for the aquifer system. Using a zone budget module within the 
groundwater model, the permissible yields have then been calculated also sub-district-wise. The present modeling 
study gives policy makers a first tool at hand for future sustainable groundwater resources management in basin.
© 2010 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of I-SEEC2011 
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1. Introduction 
     The upper Chiang Rai aquifers system situated in Chiang Rai, the Golden Triangle delta in northern 
Thailand is becoming to serve as an important regional trade hub for Yunan Province in China, Myanmar, 
Laos P.D.R and Thailand.  As a consequence, the upper Chiang Rai aquifers system is expected to 
experience major economic growth in the near future which, despite its positive social impacts, should 
exert some environmental stress on the natural resources of the region, namely, water resources. 
Imminent climate change across the region as a whole may further exacerbate these adverse effects. 
Although groundwater in the Kok river basin is still abundant at present time and is supposed to support 
the water needed to sustain the envisioned future economic growth, no thorough investigation with regard 
to the quantity (yield) and the future sustainability of the groundwater in the basin exists presently. For 
this reason the Thai Department of Groundwater Resources (DGR) then initiated a comprehensive study 
of the hydrogeology and groundwater resources of the upper Chiang Rai aquifers, with the objective to 
estimate the future sustainable groundwater yield. Groundwater modeling is one indispensable tool for 
achieving this goal. 
     Here we report on first results of the application of the 3D groundwater flow model – MODFLOW 
(Harbaugh and McDonald, 2000) – to Upper Chiang Rai aquifers (see Fig. 1).  Focus of this, yet 
preliminary, modeling study is then the estimation of the future “sustainable groundwater yield” for these 
aquifers, in order to plan well ahead for future sustainable groundwater development in the basin. 
2. Study Area  
The upper Chiang Rai basin is situated in the Chiang Rai and Wiang Chai district or so called 
“Amphoe in Thai” which are the districts in the center of Chaing Rai province in the northern Thailand 
(Figure 1). It encompasses an area of around 592 square kilometers. Mountains bound the basin on all 
four sides. The basin’s altitude varies from +360 to +1480 meters (MSL).  
The geological investigation of the Department of Groundwater Resources (DGR, 2009) discloses that 
the upper Chiang Rai basin is comprised of 4 layers, namely, a top clay layer, and one intervening clay 
layer between two aquifer-layers (Fig. 2). The porous media in the upper Chiang Rai basin consists of 
gravel, sand and sandy-clay. The  thickness of the unconfined aquifer is 3.5 meters and that of the lower 
confined aquifer is 40 meters. There are two main rivers, namely, Mae Nam Lao and Mae Nam Kok.  The 
Mae Nam Lao river flows from the southwestern part toward the northeastern part of the basin, while the 
Mae Nam Kok river flows from the northwestern part of the basin to join the Mae Nam Lao river and the 
merging river finally flows out into the Mae Khong river. 
3. Set-up of the conceptual and numerical groundwater model  
3.1. Set-up of the conceptual model 
The conceptual 3D-groundwater model represents the overall hydrogeological and physical 
characteristics of the aquifer system. That is, the conceptual model is set up based on the geological data, 
geological description, hydrogeology, hydrology, topography, groundwater extraction, soil conditions and 
land uses, some of which has only been recently collected (DGR, 2009).   
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Fig. 1. Hydrogeological Map of Mae Sai, Mae Suay, Wiang Papao and upper Chiang Rai Basin 
Fig. 2. A cross-section of the upper Chiang Rai basin 
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Fig. 3. A cross-section of the groundwater model of upper Chiang Rai aquifer system 
Fig. 4. The conceptual model of upper Chiang Rai aquifer system 
The MODFLOW model has been set up for the four modeled layers, namely, the top clay-, first 
aquifer-, aquitard- and lowest aquifer layer (Fig. 3).  Fig. 4 illustrates the conceptual models, namely, 
number of aquifer layers modeled, boundaries, recharge and discharge (pumping) zones, and river courses 
that are simulated by means of the corresponding packages of the MODFLOW model (Harbaugh and 
McDonald, 1996).    
Fig. 4 shows that the overall conceptual layouts for the aquifers system are composed of different 
boundaries, i.e. no-flow boundaries underneath the ridges of the mountains encompassing a sub-basin, 
and groundwater recharge areas at the surficial alluvial terraces at the hill-slopes long the Mae Nam Lao 
and Kok rivers, and which are simulated  by means of MODFLOW’s river package. 
3.2 Numerical groundwater model and optimization of the FD-grid 
Following the build-up of the conceptual models of the aquifers system, the 3D finite difference (FD) 
MODFLOW groundwater flow model was set up. with the number of layers and the boundary and 
external forcing conditions as illustrated in Fig. 4.  Prior to the detailed calibration of the model  (Section 
4), the size of the optimal horizontal grid, i.e. the optimal number of horizontal grid points was 
determined for each of the aquifer systems. Doing so not only avoids unnecessary small grid sizes, i.e. 
excessive simulation times, but also discourages the use of  very different widths and lengths of the 
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elements of FD-grid which should be prevented in order to reduce numerical discretization errors 
(Domenico and Schwarz, 1998).  The FD-grid was then optimized by repeated steady-state calibrations 
using coarse estimations of the important hydrological parameters that enter the model (Section 4) and 
checking the root mean squared error (RMS) between the observed and modeled hydraulic heads.  Based 
on these initial model tests, grid sizes of 700x700, 600x600, 500x500, 400x400, 300x300 and 200x200 
m2 were obtained  for the upper Chiang Rai aquifers.  Result of this grid optimization  is shown in Fig. 5. 
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Fig. 5. Optimization of the model grid size (a) and optimal FD-grid (b) for the Mae Sai aquifer system
4. Steady-state and transient model calibration 
Groundwater model calibration is usually carried out to ensure that the model can reasonably well 
mimic the groundwater flow system, namely, fit the observed piezometric heads.  The latter were 
measured at 23 monitoring wells that were installed by DGR during 2008. The measurement period 
available in the present study is from January to June, 2009.  The calibration was done in both steady and 
transient state. The hydraulic conductivity Kxy in the 4 aquifer layers and the groundwater recharge turned 
out to be the most sensitive calibration parameters and were adjusted in an iterative manner during the 
calibration process. Some results of the calibrations in both steady-state and transient modes are shown in 
Fig. 6. One notices a good agreement between modelled and observed hydraulic heads.  
Inactive Cell 
(a) RMSE (m) versus grid size for the upper Chiang Rai 
aquifers system.  An “optimal” grid size of about 500 
m is obtained. 
(b) FD grid of upper Chiang Rai aquifers 
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Fig. 6. Steady state- and transient calibration of the upper Chiang Rai aquifers model
5. Regional and sub-districtal sustainable groundwater yields 
There have been many, often different, definitions of the concept of sustainable yield (SY) (cf. Alley et 
al., 1998; Alley and Leake, 2004; Maimone, 2004; Kalf and Woolley, 2005 and Arlai et al., 2006; 2007), 
which depend on the local aquifer system as well as on the environmental and political constraints within 
the region of interest. In the present case the Thai DGR has defined the SY of the aquifers under question 
as “the maximum total pumping rate above the current pumping rate that ensures that the average 
piezometric head in each layer does not fall below a  distance of  20 meter from the land surface in the 
next 20 years”.  This definition of the SY has been introduced into the groundwater flow model, whereby 
each active cell of the FD-model is associated with a pumping well. In addition, to account for the 
decreasing aquifer thickness at the horizontal boundaries of the models underneath the hill-slopes (see 
Fig. 4), the SY were calculated for two zones for each aquifer, namely, a zone 1 where the aquifer 
thickness is smaller than 50 m, and a zone 2, covering the remainder and the majority of the basin area 
with aquifer thicknesses larger than 50 meters. 
The initial pumping in each active cell for each zone has been calculated from the averaged values of 
the current total pumping rate in the corresponding zone. Based on these estimations, the initial pumping 
rates were specified in the upper Chiang Rai aquifers as 3.08 and 13.85 CMD in each active cell of 
pumping zones 1 and 2, respectively. The future SY’s for the next 20 years under the named constraint 
were then investigated. Eventually, total SY- values of 25,891 CMD was obtained for the upper Chiang 
Rai aquifer systems. Finally, using the zone budget module of MODFLOW, the SY’s were computed 
separately for each district of the aquifer basins.  The results of these computations are listed in Table 1 
for the various districts (Fig. 7)  of the upper Chiang Rai aquifer system.     
(a) Scattered plot between observed- and computed head 
in steady state calibration 
(b) Comparison of observed-versus computed head 
in transient calibration 
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Table 1. District-wise computation of  the sustainable yields (SY) for the Mae Sai aquifer system. Also indicated is the developable
pumpage (=sustainable yield  minus present-day pumping rate)  
--------------------------------------------------------------------------------------------------------------------------------------------- 
Zone Area Present Pumpage               Pumpage under Yield Constraint   Developable Pumpage 
              (km2)     (CMD)                     (CMD)                   (CMD)      (CMD/rai2)
--------------------------------------------------------------------------------------------------------------------------------------------- 
    1        36.21               417                                                  552                                       135                0.01 
    2          5.50                 83                                                           162                                         79              0.003    
    3        17.80                   0                                                         1733                                     1733                0.02  
    4        74.12               835                                                         4242                                     3407                0.01 
    5        18.91                   0                                                           710                                       710                0.03             
    6        19.25                   0                                                         2094                                     2094                0.19                
    7          7.54                 83                                                           124                                         41                0.14  
    8        37.00               501                                                         1648                                     1147                0.01 
    9        54.74               418                                                         5838                                     5420                0.14 
  10        49.48               500                                                         4030                                     3530                0.05 
  11        20.60               250                                                         2097                                     1847                0.04 
  12        32.94               334                                                           936                                       602                0.05  
  13        32.54               417                                                           572                                       155                0.06 
  14        36.65             1002                                                         2208                                     1206                0.01     
  15        24.24               584                                                         2636                                     2052                0.16 
  16        33.85               345                                                           570                                       225                0.07 
  17        23.26               500                                                         1205                                       705                0.11 
  18        31.40               500                                                         1197                                       697                0.05 
  19        15.27               210                                                           240                                         30                0.14 
  20        20.37               667                                                           743                                         76                0.01 
--------------------------------------------------------------------------------------------------------------------------------------------- 
Total   591.66              6311                                                      33537                                    25891                1.30 
---------------------------------------------------------------------------------------------------------------------------------------------      
(a) Zoning of sustainable yield of the 1st and 2nd zone (b) Comparison of observed-versus computed head in 
transient calibration 
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6. Conclusions 
Sustainable groundwater yield has been computed for the upper Chiang Rai aquifer systems in 
northern Thailand which, due to accelerating economic development, may face significant water shortage 
problems in the near future, a situation that may be further exacerbated by imminent climate change in the 
region (Koch, 2008). A 3D groundwater flow model (MODFLOW) that takes into account the multi-
layers aquifer has been calibrated in steady-state and transient mode using recently measured piezometric 
heads in the aquifers. The sustainable yield has been defined “as the maximum total pumping rate that 
ensures that the average piezometric head in each aquifer layer does not fall below 20 meter from the land 
surface in the next 20 years”.  
Employing this constraint the transient MODFLOW computations result in total sustainable yields of 
1.3 m3/Rai (1600 m2)/day for the Upper Chiang Rai. Using a zone budget module within the groundwater 
model, the sustainable yield has then been calculated also district-wise. Although still preliminary, the 
present modeling study should give policy makers a first tool at hand for future sustainable groundwater 
resources management in the basin. The next step of the study should be the incorporation of the effects 
of regional climate change on the sustainable yield estimation, as changing future seasonal rainfall pattern 
and temperatures will most likely affect groundwater recharge to the regional aquifers in an adverse way, 
putting extra stress on the groundwater system.    
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